Sindbis virus is an alphavirus with a very wide host range, being able to infect many birds and mammals as well as mosquitoes. We have isolated a monoclonal antibody that largely blocks virus binding to mammalian cells. This antibody was found to be directed against the C-terminal domain of the high-affinity laminin receptor, a 67-kDa protein present on the cell surface that binds with high affinity to basement membrane laminin and that is known to be important in development and in tumor invasion. This receptor is believed to be formed from a 295-amino-acid polypeptide that is modified in some unknown way after translation. The primary sequence of this 295-amino-acid protein is highly conserved among mammals. We found the hamster amino acid sequence to be identical to a mouse sequence and to differ at only two amino acids from a human sequence and at two amino acids from a bovine sequence. To verify the importance of the laminin receptor for infection by Sindbis virus, hamster cells were stably transfected with the gene encoding the 295-amino-acid protein under the control of a high-efficiency promoter. Such transfected hamster cells overexpressed the laminin receptor at the cell surface, bound severalfold more Sindbis virions than did the parental cells, and became infected by Sindbis virus with a higher efficiency. In contrast, cells transfected with the antisense gene expressed less laminin receptor on the surface and were less susceptible to the virus. Binding of the virus varied linearly with the amount of laminin receptor on the cell surface, whereas infectivity measured with a plaque assay varied with the 1.4 power of the receptor concentration, suggesting that interaction with more than one receptor aids virus penetration. By these criteria, the laminin receptor functions as the major receptor for Sindbis virus entry into mammalian cells. We also found that the anti-laminin receptor antibody partially blocked Sindbis virus binding to mosquito cells, suggesting that the laminin receptor is conserved in mosquitoes and functions as a Sindbis virus receptor in this host. The wide distribution of this highly conserved receptor may be in part responsible for the broad host range exhibited by the virus, which infects a wide range of mammals and birds as well as its mosquito vector and can infect many different tissues within these hosts. Part of the broad host range of Sindbis virus also appears to result from an ability of the virus to utilize more than one different protein receptor, however, because the major receptor used by the virus to enter chicken cells appears to be a 63-kDa protein that is not the laminin receptor (K. The initial event in the interaction of a virus with the host cell is the attachment of the virus to receptors in the plasma membrane, and the presence of specific cellular receptors is a determinant of the species and tissue tropism of a virus and of its pathogenesis. The 26 registered alphaviruses (family Togaviridae) infect a wide variety of vertebrate hosts, including many species of birds and mammals, and are transmitted by mosquitoes, in which they also replicate (6). Many are pathogenic for humans and domestic animals, causing fever, arthralgia, or encephalitis (39). The 
The initial event in the interaction of a virus with the host cell is the attachment of the virus to receptors in the plasma membrane, and the presence of specific cellular receptors is a determinant of the species and tissue tropism of a virus and of its pathogenesis. The 26 registered alphaviruses (family Togaviridae) infect a wide variety of vertebrate hosts, including many species of birds and mammals, and are transmitted by mosquitoes, in which they also replicate (6) . Many are pathogenic for humans and domestic animals, causing fever, arthralgia, or encephalitis (39 (19, 39) . The mechanisms by which the viruses can infect such a spectrum of cells and organisms is of considerable interest. Possible mechanisms include use of a receptor that is highly conserved across phylogenetic boundaries, the ability to use multiple receptors, or both. Influenza virus attaches to the widely distributed sialic acid and is capable of infecting a sis, fusion of the viral membrane with the endosomal membrane releases the viral nucleocapsid into the cytoplasm (24) .
We have previously reported the use of anti-idiotypic antibodies to study Sindbis virus receptors (49) . We found that an anti-idiotypic antibody made to a neutralizing antibody reactive with glycoprotein E2 functions as an antireceptor antibody in chicken cells but not in hamster cells. Here we report the isolation of a monoclonal antibody (MAb) that functions as an antireceptor antibody in mammalian cells. We have used this antibody to establish that the high-affinity laminin receptor serves as a major mammalian receptor for Sindbis virus. We show in addition that the laminin receptor is different from the protein that we previously identified as being a major receptor in chicken cells (49) .
MATERIALS AND METHODS Isolation of MAb 1C3. Two 6-week-old BALb/c female mice were injected intraperitoneally eight times at 3-week intervals with 107 whole BHK cells harvested from monolayer culture with 4 mM EDTA, and one mouse was injected on the same schedule with 200 p.g of sucrose gradientpurified BHK membranes, with adjuvant. Spleens were then removed, and lymphocytes were fused with the myeloma cell line NS-1, using standard methods (22) . Hybridoma supernatant fluids were assayed for the ability to block infection of BHK cells by Sindbis virus (strain AR339) in a plaque reduction assay (49) . To prepare purified antibodies, the hybridoma-producing MAb 1C3 and several control hybridomas were injected intraperitoneally into athymic NCR 6-week old-female nude mice (Simonsen Laboratory) that had been primed for 1 week by injection with pristane (2,6,10,14-tetramethyldecanoic acid). Ascites fluids were collected after 7 to 10 days, and the MAbs were purified by affinity chromatography. Immunoglobulin Ms (IgMs) (determined by Ouchterlony immunodiffusion assays) were purified by affinity chromatography on rat anti-mouse IgM coupled to Sepharose 4B (Zymed), and IgGs were purified on protein G-Sepharose columns (Pharmacia). The concentrations of MAbs were determined by a modified Bradford assay (Bio-Rad) or by optical density at 280 nm. The yield of MAb 1C3 was very low, even in nude mice, possibly because of the very close relationship between the mouse laminin receptor and the hamster laminin receptor.
Plaque reduction assay. Buffer (180 ,ul) containing purified MAb at the concentrations indicated in the figures was added to cell monolayers in 12-well plates for 1 h at 22°C, followed by about 100 PFU of Sindbis virus AR339 purified by sedimentation through sucrose gradients. Immunoprecipitation. Cells were labeled with [35S]methionine, and a crude membrane fraction was prepared as described previously (49) . In some cases ( Fig. 3B and C) , the crude membrane pellet was resuspended at 4°C in 50 mM Tris-Cl (pH 7.5)-0.3 M NaCl-200 ,ug of bovine serum albumin per ml-4 mM EDTA containing 3% Triton X-100 and protease inhibitors and used without further purification. In other cases (Fig. 3A) , the pellet was resuspended by Dounce homogenization in 1 ml of 53% (wt/wt) sucrose in 10 mM NaPO4 (pH 7.0), and membranes were further purified by sedimentation through a step sucrose gradient (2). Immunoprecipitation was done as described previously (21, 49, 57 To determine whether the receptor identified by 1C3 also serves as a Sindbis virus receptor in other cells, we compared the ability of 1C3 to inhibit plaque formation in hamster cells with its effect in monkey (Vero), human (SW13), and chicken embryo cells (Fig. 1C) . Plaque formation was inhibited by this antibody in all three mammalian cell lines, indicating that the epitope recognized by 1C3 is a component of a major Sindbis virus receptor in all three lines and, presumably, in all mammalian cells. The antibody had only a slight effect in chicken cells, however, suggesting that the major receptor used by the virus to enter chicken cells is different (see also below).
We also assayed the ability of 1C3 to block the binding of 35S-labeled virus to mosquito cells, which serve as another host for Sindbis virus in nature. As shown in Table 1 were also found to bind to BHK cells as well as did 1C3. These two MAbs had no effect on the binding of virus to BHK cells, however ( Fig. 1A and B) . Thus, the ability of (Fig. 3A) . As shown in Fig. 3B and C, a 67-kDa protein was also precipitated by 1C3 from mouse neuroblastoma (N18) cells and monkey kidney (Vero) cells, and a 71-kDa protein was precipitated from human adenocarcinoma (SW13) cells. A 71-kDa protein was also immunoprecipitated by 1C3 from chicken cells, which is of interest since this MAb does not block virus binding to chicken cells. The 71-kDa chicken protein, which is presumably the chicken homolog of the hamster 67-kDa protein, is different from the 63-kDa chicken protein previously identified from its reactivity with rabbit polyclonal anti-idiotypic antibodies as being a probable Sindbis virus receptor in chicken cells (49) . First, the 71-and 63-kDa chicken proteins differ in electrophoretic mobility, and second, the 71-kDa protein is precipitated by MAb 1C3 but not by the rabbit polyclonal anti-idiotypic antibody 49, whereas the 63-kDa protein is precipitated by anti-idiotypic antibody 49 but not by MAb 1C3 (Fig. 3B and C) .
1C3 reacts with the laminin receptor. A cDNA library in Agtll was prepared from BHK mRNA and screened with MAb 1C3, using 1"I-labeled goat anti-mouse IgM as a secondary antibody (57, 58) . Fifteen reactive phage clones were found upon screening of 106 plaques. Of these, six clones (numbers 5, 7, 11, 26, 30, and 51) were found by Southern analysis to contain inserts that cross-hybridized, and sequence analysis of five of these clones (Fig. 4) revealed that they all contained the C-terminal coding region of the hamster high-affinity laminin receptor, as described in more detail below. Four additional clones reactive with 1C3 were also sequenced and found to contain apparently irrelevant inserts; one insert encoded part of the ribosomal protein S26, one insert encoded a protein related to elongation factor EF2R, and two contained sequences not present in the protein data base.
The insert from clone 26 (Fig. 4) was then used to screen the Agtll library, and 52 reactive clones were further screened by a polymerase chain reaction technique for the schematically illustrated in Fig. 4 . The composite sequence obtained is shown in Fig. 5 . This sequence includes 64 nucleotides of 5' nontranslated region, the entire 885-nucleotide sequence encoding the laminin receptor, and the 68-nucleotide 3' nontranslated region. At least two different copies of the gene were sequenced, and six silent transitions between the two copies are identified in Fig. 5 . The deduced amino acid sequence of the hamster laminin receptor is 295 residues in length and is identical to that of the mouse protein as determined by Makrides et al. (30) ; a second mouse gene has been found to differ at two amino acids (40) . The hamster protein differs at two amino acids from a human counterpart (53, 59 ) and at two amino acids from a bovine protein (20) . The nucleotide sequence within the coding region is 92.5% identical between hamster and mouse genes and 89% identical between hamster and human genes. As stated, there are six nucleotide differences, all silent transitions, between the two copies of the hamster gene that we sequenced (0.6% divergence). In view of the identity in amino acid sequence of the hamster and mouse genes, it is of interest that we were able to obtain an antibody in mice directed against the hamster protein. (Fig. 7) . Two cell lines, 41 and 52, that exhibited a fourfold increase in sensitivity to Sindbis virus after transfection with the plus-sense gene bound more of the MAb (Fig. 7E and F, respectively) than did the parental BHK cells (Fig. 7D) or BHK cells transfected by the vector only ( Fig. 7E and F) (Fig. 7B and C, respectively) , on the order of 60% as much as cells transfected with the vector only ( Fig. 7B and C) . Thus, the concentration of laminin receptor expressed on the cell surface as measured by the binding of 1C3 is correlated with the efficiency with which the cells can be infected by Sindbis virus, and we conclude that this protein functions as a major receptor for Sindbis virus in mammalian cells.
As a control, several transfected cell lines were examined by Southern blot analysis and found to contain a new 1.4-kB EcoRI fragment from the transfected gene when compared with nontransfected cells (41 the figure legend. From this analysis, we conclude that (i) the binding of radiolabeled virus is linearly related to the number of laminin receptors on the cell surface and (ii) the number of plaques formed varies as the 1.4 power of the number of laminin receptors, suggesting that there is some cooperativity in virus entry.
DISCUSSION
The high-affinity laminin receptor. We have demonstrated that a cell adhesion molecule, the 67-kDa high-affinity laminin receptor, serves as a major receptor for Sindbis virus in several mammalian cell lines. Laminin is a major component of basement membranes from almost all tissues and plays an important role in cellular adhesion, morphology, spreading, migration, differentiation, and metastasis (26) . A number of different laminin receptors have been described, some of which belong to the integrin family (reviewed in reference 33). The 67-kDa high-affinity receptor, which has been proposed to be identical to a 67-kDa receptor for elastin (34) , was first identified because it binds with very high affinity to immobilized laminin during affinity chromatography (reviewed in reference 32), and it is thought to be responsible for mediating many of the interactions of cells with laminin. Interest in this receptor is heightened by the fact that it is overexpressed in tumor cells, especially tumor cells that are poorly differentiated and invasive (40, 53, 54, 59) . The gene has been found to be single copy in birds (1) but multicopy in mammals, being present in about 18 copies in humans (1) and either 6 (12) or 21 (1) copies in mice. It is highly conserved, at least among mammals; we found the hamster gene to be identical in amino acid sequence to a mouse sequence (30) and to differ at only two amino acids from a human (59) or a bovine (20) sequence. (Fig. 8) . bOf the value for CHO-LR or CHO-pEE to the value for CHO. (Fig. 8 and Table 2 ).
We found that MAb 1C3 precipitated the 67-kDa laminin receptor from plasma membrane preparations but recognized clones in a Xgtll library that encoded a protein of only 295 amino acids. Rabbit polyclonal antibodies made against fusion proteins containing part or all of this sequence precipitated the 67-kDa protein from cell membrane preparations, but these antisera also precipitated a protein with an apparent molecular mass of 37 kDa, as estimated from its electrophoretic mobility, that was produced upon translation of the 295-amino-acid open reading frame in reticulocyte lysates (51) . Hybridization probes from the full-length laminin receptor cDNA clone reacted with a single mRNA of 1,400 nucleotides in Northern (RNA) blots (42) . Similar results have been previously reported by others, and there is now a considerable body of evidence (summarized below) strongly suggesting that the 37-kDa protein is a precursor to the 67-kDa protein present on the cell surface (reviewed in reference 5) and that the apparent change in mass does not involve glycosylation (3, 20) . (i) Many immune reagents made to the 295-amino-acid sequence, such as antipeptide antibodies made against various domains of the 295-aminoacid protein or antibodies made against fusion proteins produced from the 295-residue protein, are reactive with the 67-kDa protein (3, 5, 51, 54) . Further, the sequence of a cyanogen bromide fragment obtained from the 67-kDa protein is present in the 295-amino-acid sequence (53) . It is thus clear that the 67-and 37-kDa proteins contain extensive amino acid sequences in common. (ii) Hybridization probes react only with an mRNA of about 1,400 nucleotides on Northern blots, and there is no evidence for a larger mRNA, produced for example by differential splicing, that reacts with these probes (40, 42, 53) . (iii) In pulse-chase experiments in human melanoma A2058 cells, the 37-kDa form was first labeled, followed by the 67-kDa form, consistent with a precursor-product relationship (3 (5) .
Expression of the 67-kDa laminin receptor has been found to be developmentally regulated, and less differentiated cells produce more of the receptor (4, 54, 56) . It is intriguing that the severity of Sindbis virus infection of mice is age dependent, with more extensive virus replication in newborn mice than in mature mice (23) . It (27, 47) . The adaptation of the virus to different receptors could be responsible for such changes in tropism.
